Background: Cochlear implantation is an effective habilitation modality for adults with significant hearing loss. However, post-implant performance is variable. A portion of this variance in outcome can be attributed to clinical factors. Recent physiological studies suggest that the health of the spiral ganglion also impacts post-operative cochlear implant outcomes. The goal of this study was to determine whether genetic factors affecting spiral ganglion neurons may be associated with cochlear implant performance. Methods: Adults with post-lingual deafness who underwent cochlear implantation at the University of Iowa were studied. Pre-implantation evaluation included comprehensive genetic testing for genetic diagnosis. A novel score of genetic variants affecting genes with functional effects in the spiral ganglion was calculated. A Z-scored average of up to three post-operative speech perception tests (CNC, HINT, and AzBio) was used to assess outcome. Results: Genetically determined spiral ganglion health affects cochlear implant outcomes, and when considered in conjunction with clinically determined etiology of deafness, accounts for 18.3% of the variance in postoperative speech recognition outcomes. Cochlear implant recipients with deleterious genetic variants that affect the cochlear sensory organ perform significantly better on tests of speech perception than recipients with deleterious genetic variants that affect the spiral ganglion. Conclusion: Etiological diagnosis of deafness including genetic testing is the single largest predictor of postoperative speech outcomes in adult cochlear implant recipients. A detailed understanding of the genetic underpinning of hearing loss will better inform pre-implant counseling. The method presented here should serve as a guide for further research into the molecular physiology of the peripheral auditory system and cochlear implants.
Introduction
The cochlear implant (CI) has proven to be a remarkably successful treatment for persons with severe-to-profound sensorineural hearing loss by significantly improving hearing levels, speech understanding and several measures of quality of life including communication, relationships, feelings of isolation, and burden to others (Mo et al., 2005) . The majority of CI recipients have a successful outcome and, over the last two decades, mean post-operative performance levels on tests of speech perception in quiet and noise have improved steadily with improvements in technology (Wilson and Dorman, 2008) . Outcome variance, however, is still wide and a significant number of CI recipients struggle to understand speech even in quiet listening situations. Some enjoy little or no benefit from the device, and up to 7% of pediatric CI patients become non-users (Raine et al., 2008) .
Identifying factors that contribute to CI performance has been a scientific goal for decades for our group (Gantz et al., 1993) and many others, but the large number of clinical variables associated with outcome makes tightly controlled studies difficult to complete. For adults who are postlingually deafened, factors that contribute to CI outcome include the amount of residual hearing, duration of deafness, neurocognitive functioning, device implanted, method of implantation, surgeon experience, postoperative complications and environmental variables such as socioeconomic status (Moberly et al., 2016) . However, two recent studies on a cohort of 2251 patients conducted using two different statistical modeling methods found that only 10.5% and 22% of variance in postoperative speech perception testing could be accounted for by considering up to 9 different clinical factors (Blamey et al., 2013; Lazard et al., 2012) . The goal of this proof-of-principle study was to determine whether we could improve predictability of CI performance by considering genetic variables.
The peripheral auditory sensory system is a serial integration of: (1) the sensory portion e the organ of Corti and supporting cells, which enable mechanotransduction of sound into an ionic gradient; (2) the synapse between hair cells and the spiral ganglion afferent neuron, which converts the ionic gradient to a neural action potential; and (3) the bipolar spiral ganglion neurons, which transmit the neural signal to the central auditory system. In the context of how a CI functions, there are only two partitions e the sensory partition, which includes the organ of Corti and the synapse and therefore is bypassed by the CI, and the neural partition ( Fig. 1) . CIs stimulate spiral ganglion cells and recent studies have shown that the integrity of these cells impacts CI performance. For example, McClellan and colleagues used intraoperative electrocochleography to assess the health of spiral ganglion. These physiologic measures were found to be predictive of postoperative audiometric outcome and could account for 40% of the variance in outcome in 32 adult CI recipients (McClellan et al., 2014) . In addition, CI recipients with auditory neuropathy spectrum disorder generally have relatively poor CI outcomes (Blamey et al., 2013; Rance and Starr, 2015) . These data implicate the health of the spiral ganglion as an important factor in CI outcomes.
A few studies have explored this relationship from a genetic perspective however these studies have been limited by sample size and heterogeneity of data collection making conclusions difficult. One study that included 81 subjects with post-lingual hearing loss showed that CI users with genetic mutations in the sensory partition performed well after cochlear implantation, but no statistical analysis was performed (Miyagawa et al., 2016) . A case-control study examined pediatric patients with good performance (n ¼ 30) and poor performance (n ¼ 12) and showed that genetic mutations in the sensory partition were more common in the high performing group, and that a specific mutation in spiral ganglion neurons (DFNB59 p.Gly292Arg) was significantly more common in the poor performing group (Wu et al., 2015) . Our goal was to further examine this relationship using a large number of subjects and comprehensive genetic testing which incorporates examination of causative genetic mutations affecting the spiral ganglion but also deleterious genetic variants that may independently affect this structure.
In this study, we explored the relationship between genetic variants in the sensory partition (organ of Corti and synapse) and the neural partition (spiral ganglion) with CI performance in a large cohort of adult CI recipients. All patients underwent comprehensive genetic testing by massively parallel sequencing all genes implicated in non-syndromic hearing loss. We hypothesized that performance on measures of speech perception would be poorer for CI recipients who carry deleterious genetic variants in the neural partition as compared to CI recipients who carry deleterious genetic variants in the sensory partition.
Materials and methods

Study population
240 subjects with post-lingual sensorineural hearing loss who received a CI after the age of 18 were eligible for this study. We excluded patients with inner ear malformations, those who suffered intraoperative or postoperative complications requiring explantation/reimplantation, and those who did not have a modern device implanted (Table 1 shows included devices). Devices were restricted in order to reduce heterogeneity in our subject population that can arise from changes in technology, changes in medical and audiological management, as well as changes in candidacy criteria for cochlear implantation. 155 subjects met inclusion criteria. These subjects were implanted between the years 2003 and 2016. The Institutional Review Board of the University of Iowa approved this study.
Audiometric testing
Three standard measures of speech understanding were used to quantify speech recognition outcomes: the AzBio sentence test (Spahr et al., 2012) , the CNC test (Consonant-vowel NucleusConsonant, Peterson and Lehiste, 1962) , and the HINT (Hearing in Noise Test, Nilsson et al., 1998) . All three speech tests were administered in quiet. Most subjects were tested at multiple postoperative visits but not all subjects were tested using each of the three speech perception tests. To ascertain optimal performance levels, we examined only scores collected after at least 6 months of device use; we used the single most recent postoperative score available for each test for analysis. In total, scores were available for 119 patients on the AzBio test, 111 completed CNC testing, and 40 had been tested using HINT sentences. These three audiometric measures were highly correlated (correlation of R ¼ 0.873, 0.753, and 0.887 for Azbio to CNC and HINT and CNC to HINT, respectively for the 40 patients who completed all three tests). We computed zscores for each audiometric measure to account for within-test scaling differences and unequal variances. The mean z-score of all three audiometric tests for each patient was then computed and used for analysis ("combined Z score").
Comprehensive genetic testing
DNA was extracted from peripheral blood according to standard practices. Genetic testing was completed using the OtoSCOPE ® platform, which sequences all genes known to cause nonsyndromic hearing loss and non-syndromic hearing loss mimic genes (see https://morl.lab.uiowa.edu/genes-included-otoscope for complete gene list). Full details of testing are described elsewhere (Shearer et al., 2013) . Genetic testing results were discussed at a multidisciplinary meeting with geneticists, bioinformaticians, and otolaryngologists to determine the likely genetic cause of deafness, if any, for each individual. OtoSCOPE v6 or v7 was used with the primary difference being the addition of newly discovered deafness genes. OPA1, a gene included in the neural gene analysis was not included on OtoSCOPE v6 and so patients run on the two platforms underwent genetic variant analysis (detailed below) separately.
Neural pathogenic variant analysis
Patient variant call format (VCF) files were analyzed using a local installation of ANNOVAR (Wang et al., 2010) . Variants were annotated with gene, variant effect, and Combined Annotation Dependent Depletion (CADD) score (Kircher et al., 2014) . Damaging variants (those with phred-like CADD score > 10, predicted to be among the top 10% most likely damaging variants possible in the human genome) were examined. CADD scores were extracted for genes implicated in auditory neuropathy (not synaptopathy) or with an expression pattern and previously reported function in the spiral ganglion (Moser and Starr, 2016; Nishio et al., 2015) . The complete list of these neural genes is as follows: OPA1, DIAPH3, DFNB59, AIFM1, TBC1D24, MT-RNR1, and TMPRSS3 (Fig. 1) . No filtering was performed based on minor allele frequency. For each patient, the total raw CADD score was summed to generate a neural CADD score. A higher neural CADD score would indicate more deleterious variants in neural genes. Patients with neural CADD scores >1 SD above the mean were selected for further analysis as part of the Neural-Genetic Group, regardless of their previous categorization based on etiology.
Subject group definitions
We grouped CI recipients by etiology of hearing loss and incorporating genetic testing results ( Table 2 ). Etiology of deafness included bilateral sudden sensorineural hearing loss (Bilateral-SSNHL), M eni ere's disease, otosclerosis, other causes of deafness (infection, trauma, vestibular schwannoma), and patients with single sided deafness (SSD, significant asymmetry of hearing loss with near-normal opposite-ear hearing). The Neural-Genetic Group included subjects with either: 1) Genetic hearing loss due to causative mutations in OPA1, DIAPH3, DFNB59, AIFM1, TBC1D24, MT-RNR1, or TMPRSS3; or 2) Genetic variants in the same 7 genes predicted to be deleterious by CADD score analysis. The SensoryGenetic Group included subjects with genetic hearing loss due to causative mutations in genes affecting the organ of Corti or synapse (Fig. 1 ).
Statistical analysis
Statistical analysis was performed using SPSS version 26. Nonparametric testing was performed using analysis of variance (ANOVA) with post-hoc testing using Fisher's least significant difference (LSD). P < 0.05 was considered significant.
Results
Our genetic diagnostic rate (i.e. subjects for whom we were able to identify a causative genetic mutation) was 17% (27 of 155 patients, Supplemental Table 1 ). Causative mutations in TMPRSS3 were most common (5 patients, 19% of diagnoses), followed by MT-RNR1 (3 patients, 11% of diagnoses). There were two patients (7%) each with causative mutations in TECTA, MYO15A, LOXHD1, and COCH. There was one patient (4%) with causative mutations in each of TMC1, SLC17A8, SCN7A, POU4F3, OTOG, MYO7A, MYH9, MYH14, KCNQ4, GJB2 and CDH23. Statistical analysis was performed on 8 subject groups (Table 1  and Supplemental Table 1 ). There were 25 subjects (16%) in the Neural-Genetic Group and 12 subjects (8%) in the Sensory-Genetic Group. In addition, 12 subjects (8%) were included in the Bilateral SSNHL group, 6 subjects (4%) had M eni ere's disease, 5 subjects (3%) had otosclerosis, and 26 patients (17%) had significant asymmetry of hearing loss with near-normal opposite-ear hearing (SingleSided Deafness Group). Nine patients (6%) had other causes of deafness, including infection (5), ototoxicity (2), osteogenesis imperfecta (1), and noise trauma (1).
Post-operative speech testing with the AzBio, CNC, and HINT tests was used to evaluate CI outcomes and a Z-scored average was used to normalize and summarize the results (Table 2, Fig. 2) . ANOVA testing revealed a statistically significant difference in outcome based on the groups described above (p < 0.001). The eta squared for the effect of the statistical groups on the Z score average was 0.183, indicating that this single factor accounts for 18.3% of the variance in post-operative speech perception testing outcomes.
Post-hoc testing showed significantly lower combined Z score average speech scores for the Neural-Genetic Group when compared with the Sensory-Genetic Group, and also when compared to the Bilateral sudden sensorineural hearing loss (Bilateral-SSNHL) and Otosclerosis Groups (p ¼ 0.003, 0.001, and 0.014, respectively). The differences between the Neural-Genetic Group and the M eni ere's Disease, Single-Sided Deafness, Other Causes, and Unknown Groups were not significant (p ¼ 0.143, 0.473, 0.601, and 0.148 respectively).
Discussion
Our results suggest that genetic testing can be used as a noninvasive measure of spiral ganglion health. We restricted our analysis to genes included on the OtoSCOPE panel because the pathogenic potential of variation in these genes as a cause of deafness is incontrovertible. We chose not to group all genes implicated in auditory neuropathy spectrum disorder (ANSD) together as ANSD is a spectrum of phenotypes resulting from genetic alterations to different portions of the peripheral neural pathway (Moser and Starr, 2016) . Mutations in four ANSD genes (OPA1, DIAPH3, AIFM1 and DFNB59) cause damage directly to spiral ganglion cells while mutations in four other genes cause damage to pre-or post-synaptic sites (OTOF, SLC17A8, CACNA1D, CABP2). Thus, from a molecular physiology standpoint, a genetic variant negatively affecting the spiral ganglion itself could negatively affect the CI outcome whereas a variant that affects the synapse (e.g. OTOF) may not.
We found that CI recipients with deleterious variants in spiral ganglion cells perform significantly worse on post-implant measures of speech perception than CI recipients with genetic lesions confined to the cochlea or other forms of cochlea-specific damage such as M eni ere's disease, otosclerosis and bilateral SSNHL. Our data show that assigning patients in to groups that include quantitation of the deleterious genetic load in spiral ganglion cells accounts for 18.3% of total variance in post-operative CI outcome, making this metric the single most predictive factor identified to date. In aggregate, these data suggest that the physiological status of the spiral ganglion itself is an important predictor of CI outcomes. Outcomes for the Neural e Genetic Group were more variable than the Sensory e Genetic Group (Fig. 1) . This may reflect the relative damaging mutational burden on the spiral ganglion cells, or another factor not accounted for here, but will require further study.
Intraoperative electrocochleography is predictive of postoperative CI outcomes, likely because it measures overall health of the spiral ganglion. However, this method requires surgical exposure of the round window thus precluding pre-operative applications (McClellan et al., 2014) . Ideally, a potential CI recipient would receive pre-operative clinical counseling of expected CI outcomes, using this information as part of a shared decision model for choosing to undergo cochlear implantation. This information could also temper expectations and underscore the importance of post-activation training and practice, which are known to improve outcomes (Fu and Galvin, 2007) .
The other group of subjects who experienced relatively poor outcomes with a CI were individuals who were diagnosed with single sided deafness (SSD). Speech outcomes based on CI only scores in patients with SSD typically are lower than other groups of patients (Sladen et al., 2016; Tokita et al., 2014) . Presumably the lower performance is because SSD patients hear normally or near normally in the contralateral, non-implanted ear and are less dependent on the CI for overall hearing performance.
The primary weakness of this study is the limited genetic analysis that was completed. Future studies must address the genetic breadth and complexity of the spiral ganglion in large cohorts of clinically well-characterized CI recipients. Spiral ganglionenriched genes are known to govern auditory-specific features essential to the complex process of circuit assembly. By interrogating genes essential for auditory wiring and maintenance, not only we will be able to help CI recipients by improving on the predictive power of spiral ganglion genetic analyses, but we will also identify a new source of candidate genes for human deafness and auditory processing disorders (Lu et al., 2011) . The latter will have important clinical ramifications beyond the CI population as an important source of genes likely to be important in age-and noise-related forms of hearing loss.
Another weakness of this study was that we did not have accurate records of time from onset of profound deafness to cochlear implantation, a factor that has been shown to be important in postoperative outcomes (Gantz et al., 1993; Blamey et al., 2013; Rance and Starr, 2015) . In addition, we did not directly address spiral ganglion degeneration that can result from damage to the cochlear sensory organ (Nadol et al., 1989) . Our data would indicate that spiral ganglion degeneration due to inadequate stimulation from a cochlear defect may be less consequential to CI performance than lesions to the spiral ganglion itself. In vivo electrophysiological testing may be the key to understanding these differences and will be the topic of further study.
Another important question yet to be addressed is whether patients with deleterious mutations in spiral ganglion neurons would benefit from different CI mapping strategies compared to other CI recipients. If so, knowledge of a patient's genetic profile may inform post-implantation mapping and rehabilitation strategies. This could be particular useful for patient who perform relatively poorly with their implants. Finally, it will be important to determine how patients with deleterious mutations in spiral ganglion neurons perform on more complex tasks such as understanding in noise and music appreciation compared to other CI cohorts.
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